Among the eight strains of Listeria monocytogenes tested for lysozyme sensitivity, two were resistant to lysozyme but became sensitive after lipase pretreatment. Among the other six, one was very sensitive to lipase and another one was extremely susceptible to lysozyme. Stable protoplasts were formed from the lysozyme-resistant strain (42) by lipase and lysozyme treatment, which completely digested the cell wall. The cell wall (uranyl acetate-lead stained) was of a thick triplelayered profile, with the intermediate layer of low density. Lipase treatment for a short time (60 min) did not cause any alteration in structure, but prolonged treatment (180 min) caused extensive digestion of the plasma membrane and the cell wall, liberating cytoplasmic material. When the cells were treated with either lipase or lysozyme, a small number of protoplasts were extruded through the partly digested or weakened transverse cell wall, leaving an almost intact cell wall ghost. There were small vesicular structures in the interspace between cell wall and plasma membrane. Mesosomes of varied organization were prominent in electron micrographs, both in sections and in negatively stained preparations. These were largely everted during protoplasting in the form of tubules and as small peripheral buds; a few small vesicles also remained as intrusive structures, some of which were very unusual because they appeared to be enclosed by the inner layer of plasma membrane alone. Lysis of the protoplasts by dilution of the sucrose, while maintaining a constant ionic environment, liberated many small vesicular structures and fibrillar nuclear material.
Gram reaction may vary under different growth and nutritional conditions (18). The cells are surrounded by a thick multilayered cell wall (7) and a relatively thick plasma membrane (10) . The latter has five distinct layers (4) . The intracytoplasmic membranous structures, termed "mesosome" by Fitz-James (5) and "plasmalemmasome" by Edwards and Stevens (4) , have varied organization and extensive distribution (4, 7, 10) .
The production of protoplasts of L. monocytogenes was originally undertaken with the aim of determining the location in the cell of the monocyte-producing agent (MPA), which was reported I Post-doctoral Fellow, Medical Research Council of Canada 1964 Canada -1966 by Stanley (19) to be present in lipid extracts of the organism. Marked variations in lysozyme sensitivity were encountered in different strains, and this paper describes methods used for protoplast formation and interesting aspects of the ultrastructure in relation to formation of the protoplast.
MATERIALS AND METHODS
Maintenance and cultivation of organism. Various strains of Listeria monocytogenes from the collection of the late E. G. D. Murray were used in this study. Stock cultures were maintained at room temperature on tryptose-agar slopes (Difco tryptose, 2%; sodium chloride, 0.5%; glucose, 0.1%; and agar, 2%). A 20-ml amount of tryptose broth (Difco) was inoculated with growth from a 24-hr slope culture, shaken for 5 hr at 37 C, and used for inoculation of experimental batches. The latter were grown in 100-ml lots of tryptose broth shaken in 500-ml Erlenmeyer flasks GHOSH AND MURRAY trifuging at 17,000 X g (Servall, 55-34) for 20 min, and then were washed with distilled water.
Formation of protoplasts. The washed-cell suspension in water was used for protoplast formation. The concentration of cells was measured by optical density at 660 m,, and the suspension was adjusted so that the dry weight of cells was 30 to 40 mg/ml. Protoplasts were formed by treatment first with pancreatic lipase (steapsin), and subsequently with lysozyme.
A lipase solution was prepared by dissolving 5 mg of pancreatic lipase (Nutritional Biochemicals Corp., Cleveland, Ohio) in 5 ml of 0.1 M phosphate buffer (pH 7 to 7.2) and centrifuging the mixture to remove insoluble material. The incubation mixture for lipase treatment was as follows: (i) 3 .0 ml of pancreatic lipase solution; (ii) 1 .0 ml of phosphate buffer, 0.3 M, pH 6.8 to 7.1; (iii) 0.3 ml of bile salts (10 mg/ml); (iv) 1.0 ml of cell suspension (30 to 40 mg/ml); (v) 4.6 ml of water; and (vi) 0.1 ml of CaCI2 (0.1 M).
Components (i) to (v) were mixed and incubated at 37 C for 15 min with shaking. Then the CaCl2 was added and the incubation was continued for another 60 min. This was followed by centrifugation at 12,000 X g for 15 min, after which the cells were washed with 0.155 M sodium chloride and finally suspended in 1 ml of this medium.
The lysozy-me incubation mixture consisted of: (i) 3 .0 m of an aqutous solution of lysozyme (Nutritional Biochemicals Corp.), 1 mg/ml; (ii) 0.5 ml of tris(hydroxymethyl)aminomethane (Tris) buffer, 0.6 M, pH 6.7; (iii) 2.0 ml of sucrose (2 M); (iv) 1.0 ml of cell suspension from lipase treatment; (v) 3.3 ml of water; and (vi) 0.2 ml of MgCI2 (1 M).
The first five components were mixed and incubated with shaking for 15 incubation for another 60 min at 37 C followed. The preparation was centrifuged at 4,500 X g for 30 min, and the pellet was washed in a solution of 0.03 M Tris buffer (pH 6.7), 0.01 M MgCl2, and 0.5 M sucrose.
Measurement of protoplast formation. The protoplast pellet (3 to 4 mg, dry weight) was suspended in 8.0 ml of water and incubated at 37 C with shaking for 30 min to allow complete lysis and uniform dispersion of the lysate. The optical density (OD) of this material was then measured at 660 miu in a Coleman Universal Spectrophotometer (model 600) against a water blank. An equal amount of untreated cells was suspended in 8.0 ml of water and incubated in the same way to provide a reference standard for evaluating the decrease in OD. The per cent decrease in OD gives an approximate quantitative evaluation of the extent of conversion of cells to protoplasts.
Controlled lysis ofprotoplasts. Gradual swelling and lysis of the protoplasts was effected by diluting the sucrose concentration of the osmotic stabilizer solution. This solution is similar in composition to the protoplast washing solution described above.
Preparation of specimens for electron microscopy. All specimens other than protoplasts were prefixed by adding glutaraldehyde to the suspending medium in a ratio of 1:10 to give a final concentration of 2.5% (14) . The mixture was stirred, allowed to stand for 2 min, centrifuged at 4,500 X g for 3 min, and then washed with Veronal buffer, pH 6.1 (13) . Prefixation was also carried out by adding 1% osmium tetroxide to give a final concentration of 0.1% and centrifuging immediately. In a few cases, protoplasts were prefixed by exposure to osmium tetroxide vapor for 5 to 10 min. Since protoplasts are extremely sensitive to changes in osmotic pressure, the osmotic and ionic environment was maintained as constant as possible during these procedures.
After prefixation, two drops of 2% Noble agar were added to the pellet, the mixture was stirred with a glass rod, and was quickly solidified on ice. Aqueous solution of agar was used except in the case of protoplast fixation when the agar was dissolved in the Tris buffer-MgCl2-sucrose solution described in the section on protoplast formation. The agar block was then cut on a glass slide into pieces approximately 1 mm square and was dropped into Ryter and Kellenberger fixative (13) . After overnight fixation (16 to 24 hr), the agar blocks were washed in Veronal acetate buffer to free them from fixative, and were treated with 2% uranyl acetate in Veronal acetate buffer. The blocks were dehydrated by treatment with acetone and were embedded in Vestopal. The sections were cut on a Porter-Blum (Sorvall, MTI) microtome with glass knives and were collected on carbon-coated Formvar supports. They were "stained" for 1 to 5 min by floating the grids face down on droplets of a 1% solution of salts held on a sheet of dental wax. The salts most generally used were thallium sulfate and lead tartrate (9) .
Negative staining was done with 1% phosphotungstic acid (PTA) solution in water. The pH of this solution was adjusted to 6.1 with 0.1 M KOH. While staining protoplasts, sucrose was added to the PTA solution to a final concentration of 0.4 M.
The specimens were examined in a Phillips EM-100 electron microscope, modified by installation of a Ladd anode, mechanical astigmatism compensation, and additional prestabilization. The electron acceleration was 60 kv throughout, and micrographs were taken on Kodak fine-grain positive film at an initial magnification of 15,600. RESULTS Lysozyme sensitivity and protoplast formation. Since the steapsin used for pretreatment contains both lipase and proteolytic activity, the action of the two types of enzyme was studied by using purified wheat germ lipase and pronase. Pretreatment with wheat germ lipase promoted the action of lysozyme, but gave unstable protoplasts. Pronase had no effect either alone or in combination with wheat germ lipase.
Certain conditions of incubation during pretreatment with steapsin were found to be of critical importance. Addition Control of pH and ionic composition of the incubation medium during treatment with lysozyme was important for the production of stable protoplasts. A slightly acid pH accelerated lysozyme action and favored stability of protoplasts. Presence of sodium and magnesium salts was also found to be very important. Higher concentrations of sodium chloride inhibited lysozyme activity, as noted by Wiame et al. (24) . Protoplasts formed in the absence of magnesium chloride lysed even in sucrose solution. The presence of 0.4 M sucrose in the lysozyme incubation mixture accelerated the liberation of protoplasts, but the protoplasts were more stable in O.5 M sucrose.
Structure of normal untreated cells of L. monocytogenes. L. monocytogenes showed a thick cell wall (180 to 280 A) with three apparent layers ( Fig. 1, 2, 4) . The outer and inner components were of greater density but were relatively thin (35 to 75 A). The middle component of lower density was normally thicker (90 to 120 A), but this was more variable. The cell wall was separated from the plasma membrane by a space, 30 to 45 A thick, which was observed to have frequent cross bridges between the cell wall and outer dense plasma membrane layer. This bridged region sometimes contained small vesicular structures (Fig. la, lb) , which were infrequent and not restricted to any one region of the cell.
The plasma membrane showed the usual unit membrane structure, with a total thickness of 75 to 110 A (Fig. 1, la) . The outer and inner dense layers had almost identical thickness, but this was not obvious in whole-cell preparations because of the similar density of the inner layer and the adjacent cytoplasm.
The cells have many intracytoplasmic membranous organelles. These will be referred to as "mesosomes" (5) , although other terms have also been used to describe them (5) . Mesosomes of varied organization were found, among which tubular and tubulovesicular structures were very common (Fig. 2) . These tubules sometimes form whorls, or complex wavy anastomosing patterns in the cytoplasm (Fig. 4) . They commonly originate from plasma membrane, whereas other small peripheral vesicles may or may not originate from plasma membrane. A tubular connection between plasma membrane and nuclear structure was frequently noted. The varied distribution and organization of mesosomes was clearly demonstrated by negative staining with PTA (Fig. 3) .
In general, the cytoplasm was densely packed with granules of various sizes which obscured the cytoplasmic fine structure. Fibrillar nucleoplasm was commonly seen in the central region of the rod.
Structure of lipase-treated cells. Structural changes were examined after a short lipase treatment (1 hr), as is normally used in protoplast formation, and after prolonged lipase treatment (2 to 3 hr), to see the maximal effect. As noted above, the cells became gram-negative after the 1-hr treatment, but no gross alteration of structure was observed (Fig. lb, 4 , and 5). Prolonged lipase treatment, on the other hand, caused extensive damage to the cell structure (Fig. 6) . Damage to the cell wall was not limited to any particular layer. The cross-bridged region between the cell wall and plasma membrane was more clearly seen after lipase action. The buckling of plasma membrane in the region of septum formation was observed, and this buckled region appeared to be filled with undifferentiated cell wall material. There was patchy damage to 5 . This section shows the usual lack ofeffect after lipase treatment for 60 min. There is no apparent structural disorganization. Cells so treated are preparedfor lysozyme action.
FIG. 6. Section ofcell treated with lipase for 3 hr. There is extensive clearing of the cytoplasm and partial digestion of the cell wall and plasma membrane. Note the buckling ofplasma membrane for septum formation (s). The plasma membrane shows "unit" structure more clearly than usual and in some areas it appears to be damaged. Protoplast formation by lipase treatment alone was a very rare phenomenon (1 to 2% conversion). The partial digestion of cell wall may weaken it in such a way that the osmotically unsupported protoplast is pushed out of the cell wall encasement. The presence of partly extruded protoplasts (Fig. 7) and cell wall ghosts (Fig. 10) provided such evidence. However, protoplasts liberated in presence of lipase were unstable, perhaps because of the digestive action of lipase on lipoprotein membrane.
Structure after lysozyme treatment. L. monocytogenes (strain 42) was not much affected by simple lysozyme treatment. Electron micrographs showed that the cell walls were generally unaffected or very slightly affected (Fig. 8a, b) . The bridged region between the plasma membrane and the cell wall was more clearly demonstrated after lysozyme treatment. The vesicular structures frequently seen in this region appear to originate by reduplication of the inner layer of the cell wall. Phase-contrast microscopy showed approximately 5% conversion to protoplasts after lysozyme treatment alone. (Fig. 8c and 9 ).
Structure after lipase and lysozyme treatment. Lipase treatment followed by lysozyme treatment in a protective medium completely removed the cell wall of strain 42, and the protoplasts formed were fairly stable with minimal lysis. Small peripheral buds or tubular structures remained attached to these protoplasts, giving the impression of everted tubular and vesicular mesosomes ( Fig.  12 and 14) . The micrographs also showed some intrusive structures. These were in the form of small vesicles which may possibly be the infolding of the inner layer of the plasma membrane (Fig.  15) . The absence of any appreciable cytoplasmic rarefaction indicated very little absolute volume change of cell. The everted structures were very easily detached and were observed free in the medium. A negatively stained preparation illustrates such tubulovesicular structures (Fig. 13) .
Structure oflysedprotoplasts. Protoplasts, lysed by osmotic shock, showed considerable cytoplasmic rarefaction (Fig. 16) . This facilitated the definition of the double-layered plasma membrane and some of the cytoplasmic fine structure. The fine fibrils formed a meshwork, and the ribosomes appeared to remain in contact with this. The mesh work of fibrils may act as a scaffolding for the cytoplasmic particles, as suggested by other workers (17). The reticulated fibrils seemed to originate from the plasma membrane region. The fibrillar nuclear material, in which the fibrils are thicker than the cytoplasmic fibrils, was so closely anastomosed that it was liberated en masse from the lysing protoplasts (Fig. 11) .
Plasma membrane could be very clearly defined as a "unit" structure in lysing protoplasts (Fig.  16 ). This showed that the inner layer had been obscured by adjacent dense material in sections of intact cells. Vesicular structures, which were observed within and attached to the protoplasts, were liberated or detached from the protoplasts by lysis or shaking. These vesicles were of various sizes and of greater stability than the protoplasts. They were bounded by a double membrane structure (Fig. 16 ).
DIscussIoN
We did not expect to have difficulty in producing protoplasts of L. monocytogenes because other workers had observed (5) that lysozyme had an effect on the cell walls of their strains. However, strain 42, which we have been using for a wide range of studies, proved to be almost insensitive to lysozyme, despite prolonged exposure under various conditions. It was a surprise and a fortuitous discovery to find that this strain could be made susceptible to lysozyme when it was pretreated with lipase. A considerable lysis of one other strain induced by lipase alone was even more extraordinary. The finding that some strains were directly sensitive to lysozyme was comforting, but it underlined an undeniable conclusion that a considerable intraspecific variation is possible in the chemical constitution of the fabric of the cell wall, and not merely in an enveloping layer. The nature of the variable component remains unknown, and there seems to be no correlation, within the small group of strains that we have studied, between the type of cell wall sensitivity and the serological type of the organism. The possibility of using this as an independent character has yet to be investigated.
It is suspected that some substrate within the ceU wall must be susceptible to the action of lipase, because enzyme preparations from very (6, 20) , and sometimes small vesicular structures appear in this zone between the major membranes. Partial digestion of the cell wall and slight plasmolysis of the enclosed cell provide images which suggest that the vesicles are an organization of part of the inner cell wall layer. Yet this doesn't remove the possibility that part of the "space" or "Cgap" is occupied by a material closely associated with the structure and function of the plasma membrane. . S . i _ k , g r r I b a s . . t * i s B . . . t . l i 
